Human papillomavirus type 16 (HPV-16) infection is associated with a majority of cervical cancers and a significant proportion of head and neck cancers. Here, we describe a novel-engineered DNA vaccine that encodes a HPV-16 consensus E6/E7 fusion gene (pConE6E7) with the goal of increasing its antitumor cellular immunity. Compared to an early stage HPV-16 E7 DNA vaccine (pE7), this construct was up to five times more potent in driving E7-specific cellular immune responses. Prophylactic administration of this vaccine resulted in 100% protection against HPV E6 and E7-expressing tumors. Therapeutic studies indicated that vaccination with pConE6E7 prevented or delayed the growth of tumors. Moreover, immunization with pConE6E7 could also partially overcome immune tolerance in E6/E7 transgenic mice. Such DNA immunogens are interesting candidates for further study to investigate mechanisms of tumor immune rejection in vivo.
Introduction
Cancers associated with the human papillomavirus (HPV) infection pose a significant international health problem. Cervical cancer is the second most common cancer among women worldwide, but the most common cancer in developing countries [1] . Moreover, HPV-associated head and neck cancer affects as many as 115,000 people each year globally [2, 3] . The development of these cancers is closely associated with infection by high-risk types of human papillomaviruses (HPV) [4] . Studies have shown that HPV-16 is the predominant subtype of both cancers, accounting for 46-63% of cervical cancer cases and 90% of head and neck cancer cases [3, 5] .
There are two major targets for vaccines that can be considered in the fight against HPV-related cancer. Prophylactic vaccines are aimed at inducing immunity against HPV infection in naïve individuals. Anti L1 and L2-directed antigens are efficient in this role. Preventive vaccines developed to date [6] are constructed of VLPs or even pentameric L1 capsomerases. When used as vaccines, they generate strong virus-neutralizing antibodies in the serum. HPV prophylactic vaccines have shown significant clini-cal efficacy. They can prevent about 70-80% of all cervical cancers based on strains used in the vaccine [7] . However, prophylactic HPV vaccines would not be effective in controlling existing HPV infections or HPV-associated lesions. Therefore, an important need is to develop therapeutic HPV vaccines focused on patients with active disease and aimed at eliminating or controlling existing infection or disease progression through the specific induction of a strong cell-mediated response. Two HPV gene products, E6 and E7, are expressed in most and perhaps all HPV-related pre-and cancerous cells. These genes are responsible for the transformation of cells, and are required for the maintenance of HPV-associated malignancies, thus making them ideal immunotherapeutic targets [8, 9] . Therapeutic vaccines that target either HPV-16 E6 or HPV-16 E7 have been previously described [10, 11] . However, few DNA vaccines that target both oncoproteins have been developed and demonstrated to have effective anti-tumor activity. Research suggests that the combination of E6 and E7 DNA vaccines may have better antitumor potential than either alone [12] .
DNA vaccines have emerged as an increasingly important immunotherapeutic strategy for inducing anti-tumor cellmediated immune responses. Their stability, safety, ease of production, lack of immune interference for boosting and cost efficiency makes them appealing to both medical professionals and manufacturers in the health care industry. However, initial data showed that DNA vaccines exhibited low potency. Accordingly, improving their immuno-potency is critical. Wu et al. has been studying different intracellular targeting methods to enhance the potency of DNA vaccines delivered by the gene gun technique. Increased antigen presentation by APCs was increased by linking E7 to heat-shock protein 70 (HSP70) [13, 14] , a sorting signal and the lysosome-associated membrane protein I [15, 16] or calreticulin (CRT) [17, 18] . Moreover, several strategies aimed at improving the magnitude of the cellular immune responses induced by DNA vaccines have also been studied, such as codon optimization [19, 20] , RNA optimization [21, 22] and the addition of immunoglobin leader sequences that have weak RNA secondary structure [23] , as well as other approaches.
Recent studies have suggested that "centralized" immunogens such as consensus immunogens or ancestral immunogens may be useful to minimize the degree of sequence dissimilarity among different virus strains [24] . In the context of HPV where the initial phases of cell proliferation and tumor growth are slow probably resulting in peripheral tolerance to HPV antigens, the use of non-matched consensus immunogens may bypass this important immunological barrier. In our previous work, we have built novelengineered HIV and Influenza consensus optimized immunogens and the results suggested that these novel immunogens induced broader cellular immune responses than native DNA immunogens [25, 26] . Hence, in this study, we proposed to utilize a multi-phase strategy to enhance anti-tumor cellular immune responses against HPV-16. First we generated an engineered HPV-16 optimized consensus E6 and E7 DNA vaccine (pConE6E7). We then tested the immunogenicity using quantitative T cell assays and found that ConE6E7 could induce stronger cellular immune responses compared to a primary E7 DNA immunogen. Both prophylactic and therapeutic studies indicated that ConE6E7 enhanced anti-tumor activities in the HPV-16 TC-1 tumor model system. Finally we observed that vaccination with pConE6E7 could partially overcome immune tolerance and induce anti-tumor effects in E6/E7 transgenic mice.
Materials and methods

HPV-16 E6 and E7 sequences
To generate HPV type 16 consensus E6 and E7 sequences, 16 E6 and E7 gene sequences of the HPV-16 prevalent variants collected from different countries were selected from GenBank to avoid sampling bias.
Construction of HPV-16 E6 and E7 consensus sequences
The HPV type 16 E6 and E7 consensus nucleotide sequences were obtained after performing multiple alignment. The consensus amino acid sequences were obtained by translating the consensus nucleotide sequences.
Modifications of HPV-16 consensus E6 and E7 sequences
Several modifications were performed after obtaining HPV-16 consensus E6 and E7 sequences (Fig. 1A) . Codon optimization and RNA optimization was performed by using GeneOptimizer TM (GEN-EART, Germany).
HPV-16 E6 and E7 immunogens
The fusion gene encoding modified HPV type 16 consensus E6/E7 fusion protein (ConE6E7, GenBank accession number: FJ229356) was synthesized and sequence verified by GENEART. The synthesized ConE6E7 was digested with EcoRI and NotI, cloned into the expression vector pVAX (Invitrogen) under the control of the cytomegalovirus immediate-early promoter and this construct was named as pConE6E7.
The primary HPV-16 E7 immunogen was generated from an E7-containing plasmid pE7/HisB. Sequence analysis indicated that this E7 gene was from a primary HPV-16 isolate (GenBank accession number: NC 001526). Briefly, the E7 gene was digested out by using BamHI and EcoRI from pE7/HisB and cloned into pVAX plasmid vector, which was also linearized with BamHI and NotI. This construct was named as pE7.
In vitro transcription and translation
Expression of pConE6E7 and pE7 was detected by utilizing TNT ® Quick Coupled Transcription/Translation System (Promega). The gene product was immunoprecipitated using HPV-16 E7-specific monoclonal antibody (Invitrogen) and E6-specific monoclonal antibody (Invitrogen). After immunoprecipitation, the immunoprecipitated protein was run on the SDS-PAGE gel (12%). The gel was fixed, dried and the synthesized protein with incorporation of radioactive 35 S was detected by autoradiography.
Indirect immunofluorescent assay
An indirect immunofluorescent assay for confirming the expression of pConE6E7 E6 and E7 fusion gene and pE7 E7 gene was performed. Human rhabdomyosarcoma (RD) cells were plated on two-well chamber slides (BD Biosciences), at a density to obtain 60-70% confluency the next day in complete DMEM medium with 10% FBS (GIBCO) and allowed to adhere overnight. The next day cells were transfected with pConE6E7 and pE7 and the control plasmid pVAX (1 g/well) using DOTAP Transfection Reagent (Roche) according to the manufacturer's instructions. Thirty-six hours after transfection, the cells were washed gently three times with 1× PBS and fixed on slides using methanol for 15 min. Upon removal of the residual solvents from the slides, the cells were incubated with anti-mouse HPV-16 E7 monoclonal antibody (Abcam) at a 1:500 dilution for 60 min at 37 • C. The slides were then incubated with fluorescein isothiocyanate (FITC)-conjugated antimouse secondary antibody (Amersham Pharmacia) for 45 min. The samples were viewed under microscope (Olympus, Tokyo, Japan) at an excitation wavelength of 480 nm for FITC. The images were acquired as TIFF files and further analyzed using Adobe Photoshop program.
Mice and cell line
Female 6 to 8-week-old C57BL/6 mice were purchased from Charles River Laboratory (Wilmington, MA). The E6/E7 transgenic mice were created on the C57BL/6 background that expresses the HPV-16 E6 and E7 under the control of the bovine thyroglobulin promoter. It is a useful model to determine the ability of HPV-16 E6/E7 vaccines to overcome immune tolerance [27] . The transgenic mice were bred at Penn Animal Facility. The female 4 to 6-week-old transgenic mice were used for study as described below. Their care was in accordance with the guidelines of the National Institutes of Health and the University of Pennsylvania Institutional Care and Use Committee (IACUC).
The TC-1 cell line is a well-characterized lung epithelial cell line immortalized with both HPV-16 E6 and E7 and transformed with the c-Ha-ras oncogene [28] . TC-1 cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mmol/L l-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 100 mol/L non-essential amino acids and 1% sodium pyruvate in a 37 • C incubator with 5% CO 2 . 
IFN-ELISpot assay
C57BL/6 or E6/E7 transgenic mice were separated into three groups of five mice each and immunized intramuscularly with pVAX (control group), pE7 and pConE6E7, respectively. Each mouse was immunized three times, each of 100 g of DNA at biweekly intervals. pVAX was used to keep the DNA vaccination amount consistent in each group. Mice were sacrificed 1 week after the third immunization and the spleens were removed aseptically. The spleen cells were collected and resuspended in RBC lysis buffer to remove erythrocytes. After lysis, the splenocytes from the same group were pooled and resuspended in RPMI 1640 medium with 10% FBS. Cells were counted and prepared for analysis. High-protein binding IP 96 well Multiscreen TM plates (Millipore, Bedford, MA, USA) were used. Plates were coated with the monoclonal antibody to mouse IFN-␥ (R&D Systems, Minneapolis, MN) diluted in PBS, incubated overnight at 4 • C. Plates were washed three times with PBS and then blocked for 2 h at room temperature with PBS supplemented with 1% BSA and 5% sucrose. Mice splenocytes were added in triplicates at an input cell number of 2 × 10 5 cells per well resuspended in complete culture medium (RPMI 1640 supplemented with 10% FBS and antibiotics). A set of peptides each containing 15 amino acid residues overlapping by 8 amino acids representing the entire consensus E6/E7 fusion protein sequence of HPV-16 was synthesized from Invitrogen. This set of peptides was pooled at a concentration of 2 g/ml peptide into two pools, spanning the length of the E6 (pool 1) and E7 (pool 2) antigens, respectively. Concavalin A (Sigma-Aldrich, St. Louis, MO), at 5 g/ml, and complete culture medium were used as positive and negative control, respectively. Plates were washed four times after a 24 h incubation at 37 • C, in a 5% CO 2 atmosphere incubator. Then, a biotinilated anti-mouse IFN-␥ detection antibody was added, and plates were incubated overnight at 4 • C. The plates were washed, and color development was followed according to the manufacturer's instructions (ELISPOT Blue Color Module, R&D Systems, Minneapolis, MN). Plates were air-dried and the spots were counted using an automated ELISPOT reader system (CTL Analyzers, Cleveland, OH) with the ImmnunoSpot ® software. The average number of spot forming cells (SFC) was adjusted to 1 × 10 6 splenocytes for data display. The ELISpot assay was repeated three times in three separate experiments.
CD8+ T-cell depletion study
CD8 lymphocytes were depleted from splenocytes by using immune-magnetic beads coated with the antibody to CD8 (Dynal Biotech Inc., Lake Success, NY) following manufacturer's instructions. After depletion of CD8+ T-cells, IFN-␥ ELISpot assay was performed as described above.
Epitope mapping study
In order to map the reactive epitopes, individual synthesized HPV-16 E6 and E7 peptide was used as a stimulator to perform IFN-␥ ELISpot assay as described above. The epitope mapping assay was repeated twice in two separate experiments.
In vivo tumor prophylactic study
Female 6 to 8-week-old C57BL/6 or E6/E7 transgenic mice were separated into three groups of 10 mice each and vaccinated intramuscularly with pVAX, pE7 and pConE6E7, respectively. Each mouse was immunized three times, each of 100 g of DNA at biweekly intervals. pVAX was used to keep the DNA vaccination amount consistent in each group. One week after the last vaccination, each mouse was challenged with 1 × 10 5 TC-1 cells injected subcutaneously into the right flank. For the second tumor cell challenge, 1 × 10 5 TC-1 cells were injected subcutaneously into the right flank of the mice. At the same time, 10 naïve mice were also challenged with 1 × 10 5 TC-1 tumor cells as a control group. Tumors were measured twice weekly thereafter with digital calipers spanning the shortest and longest surface diameters. The mean of these two measurements was plotted as the mean tumor diameter in millimeters against various time points. Mice were sacrificed when the tumor diameter reached 20 mm in compliance with our Institutional Animal Care and Use Committee protocols. Tumor measurements for each time point are shown only for surviving mice. For comparison of tumor diameters, statistical significance was calculated using the Student's test. P < 0.05 was considered significant.
In vivo tumor treatment studies
Female C57BL/6 or E6/E7 transgenic mice were separated into three groups of 10 mice each. On day 0, all mice were injected subcutaneously either with 5 × 10 4 (low dose) or 1 × 10 6 (high dose) TC-1 cells in the right flank. For the low dose challenge, on days 3, 10, and 17, each group of mice was injected intramuscularly with pVAX, pE7 and pConE6E7, respectively. For the high dose challenge, on days 7, 14, 21, 28 and 35, each mouse was immunized with 100 g of each DNA. pVAX was used to keep the DNA vaccination amount consistent in each group. Tumors measurement was performed as described above.
Adoptive transfer study
Female 6 to 8-week-old C57BL/6 were separated into two groups of eight mice each and vaccinated intramuscularly with 100 g of pVAX and pConE6E7 respectively. One week after the third immunization, mice were sacrificed and splenocytes were isolated as described above. The CD8 and CD4 T cells were purified from splenocytes by using immune-magnetic beads coated with antibody to CD8 or CD4 (Dynal Biotech Inc., Lake Success, NY) following manufacturer's instructions. After purification, 1 × 10 7 CD8 or CD4 T cells were administered intravenously to each naïve mouse (5 mice/per group). Recipient naïve mice were challenged with 1 × 10 5 TC-1 cells injected subcutaneously into the right flank 3 days after CD8 or CD4 T cells injection. Tumors measurement was performed as described above.
Statistical analysis
Student's t-test was used for comparison of the cellular immune responses and tumor diameters. In this study, p < 0.05 has been considered statistically significant.
Results
Design and construction of a novel HPV type 16 E6 and E7 consensus-based fusion gene
The consensus sequences of HPV type 16 E6 and E7 proteins were generated from 16 sequences retrieved from GenBank. As summarized in Fig. 1A , several modifications were carried out after generating the consensus E6/E7 fusion sequence. A highly efficient leader sequence (IgELS) was fused in frame upstream of the start codon to facilitate the expression [23] . Furthermore, in order to have a higher level of expression, the codon usage of this fusion gene was adapted to the codon bias of Homo sapiens genes. In addition, RNA optimization [22] was also performed: regions of very high (>80%) or very low (<30%) GC content and the cis-acting sequence motifs such as internal TATA boxes, -sites and ribosomal entry sites were avoided. In addition, the domains of the E6 protein required for p53 binding/degradation were mutated or deleted [29, 30] . The binding site of the E7 protein to the cellular retinoblastoma (Rb) protein was mutated [31] . An endoproteolytic cleavage site was introduced between E6 and E7 protein for proper protein folding and better CTL processing. The synthetic engineered ConE6E7 gene was 818 bp in length. The ConE6E7 gene was subcloned into the pVAX expression vector at the EcoRI and NotI sites for further study.
In vitro and in vivo expression of ConE6E7
To verify the expression of pConE6E7 and pE7, in vitro translation was carried out by T7 coupled transcription and translation reaction. After immunoprecipitation with E6 or E7-specific monoclonal antibodies, the expression of E6 and E7 genes was assessed by SDS-PAGE gel (15%). The E6/E7 fusion protein migrated corresponding to a molecular weight of approximately 30 kDa when immunoprecipitated with either E6-or E7-specific antibodies. The primary E7 protein with a molecular weight of about 11 kDa was detected only when immunoprecipitated with E7-specific antibody. As a negative control, no protein band could be detected in the pVAX group (Fig. 1B and C) .
To further confirm the expression of this fusion construct, an indirect immunofluorescent assay was performed using transfected RD cells. High specific expression was observed under fluorescent microscope in the pConE6E7 transfected cells (Fig. 1D) . As indicated in Fig. 1D , the transfected cells expressing E6/E7 fusion protein showed a typical FITC-fluorescence, supporting the synthetic fusion protein was expressed and exhibited a relatively native conformation. As a control, expression was not detected in pVAX transfected RD cells.
Vaccination with pConE6E7 generates strong E6-and E7-specific CD8+ T-cell immune responses in C57BL/6 mice
In order to determine whether mice immunized with pConE6E7 or pE7 mount E6 or E7-specific cellular immune responses, ELISpot analysis was performed to determine the number of antigenspecific IFN-␥ secreting cells in response to stimulation with the E6 (pool 1) and E7 (pool 2) peptide pools. As shown in Fig. 2A , immunization with pConE6E7 was able to induce strong both E6 and E7-specific cellular immune responses. When compared to the pE7 vaccine, pConE6E7 was about five times more potent (720 ± 82.7 vs. 142 ± 17.6) in driving the E7-specific immune responses, suggesting that utilization of the multi-phase strategy was able to significantly increase the magnitude of cellular immune responses induced. We also determined whether CD8+ lymphocytes were responsible for the IFN-␥ secretion detected in the C57BL/6 mice immunized with pConE6E7. The number of SFU/per million cells were reduced to 80.57 ± 17.56 after CD8+ depletion, indicating that there was more than a 90% decrease in the frequencies of IFN-␥ producing cells observed in CD8+ T-cell depleted ELISpot assays. The data supports that the IFN-␥ production induced by pConE6E7 is mediated mainly by CD8+ T-cells.
In addition, we were interested in further detailing the cellular immune responses induced by pConE6E7. Accordingly, ELISpot assay was performed against individual peptides spanning consensus E6/E7 fusion protein (Fig. 2B) . IFN-␥ ELISpot analysis of splenocytes derived from pConE6E7-vaccinated C57BL/6 mice recognized LCIVYRDGNPYAVCD (peptide 10) and AEPDRAHYNIVTFCC (peptide 31) as dominant epitopes for E6 and E7 immunogens, respectively. These peptides overlap with the well-characterized D b -restricted E6 epitope YRDGNPYAV [32] and D b -restricted E7 epitope RAHYNIVTF [33] , supporting the normal effective processing of these two antigens during vaccination. Another E7 peptide (peptide 29), SSEEEDEIDGPAGQA, was recognized as a subdominant peptide for the E7 immunogen. This epitope is interesting for further study.
Vaccination with pConE6E7 completely prevents growth of E6/E7 expressing tumors and elicits anti-tumor memory responses in C57BL/6 mice
After confirmation of immunogenicity, an in vivo tumor prophylactic study was performed to assess the anti-tumor immunity induced by pConE6E7 or pE7. Prior to subcutaneous injection of 1 × 10 5 TC-1 cells on day 0, C57BL/6 mice were immunized three times biweekly with pVAX, pE7 and pConE6E7, respectively. As shown in Fig. 3A , on day 42, all 10 mice immunized with pConE6E7 were tumor free. In contrast, the mice immunized with pE7 exhibited tumor growth beginning 2 weeks after TC-1 injection continuing until the mice required euthanization. However, as expected, the pE7-immunized group exhibited smaller tumors when compared to the pVAX-immunized group (p < 0.05). This suggests that vaccination with pConE6E7 is capable of generating stronger antitumor effects to completely prevent growth of tumors in C57BL/mice after prophylactic challenge.
In order to determine whether immunization with pConE6E7 could also induce anti-tumor memory responses, we re-challenged these tumor-free C57BL/6 mice in pConE6E7 immunized group with 1 × 10 5 TC-1 cells and measured the tumor growth thereafter. The results showed that vaccination with pConE6E7 could still provide complete protection 96 days after second tumor implantation Fig. 2 . pConE6E7 induced strong cell-mediated immune responses in C57BL/6 mice. Frequencies of HPV-16 consensus E6 and E7-specific IFN-␥ spot forming units (SFU) per million total splenocytes and CD8 depleted splenocytes after DNA vaccination with pConE6E7 and pE7 were determined by ELISpot assay in C57BL/6 mice. (A) The splenocytes were isolated from individual immunized mice (five mice per group) and stimulated in vitro with the overlapping consensus HPV-16 E6 (pool 1) and E7 (pool 2) peptides pools. pVAX immunized mice were included as a negative control. (B) Characterization of HPV-16 E6-and E7-specific dominant epitopes. The splenocytes collected from pConE6E7 vaccinated C57BL/6 mice were cultured with individual HPV-16 E6 and E7 peptide for 24 h. IFN-␥ secreting cells were determined by ELISpot assay as described above. Backbone pVAX immunized mice were included as a negative control. ( Fig. 3B) , suggesting that pConE6E7 may also induce clear antitumor memory responses.
Vaccination with pConE6E7 prevents/delays the growth of tumors in C57BL/6 mice
Given the promising results obtained from the prophylactic tumor studies, in vivo tumor therapy studies were performed to determine the therapeutic effect of vaccination with pConE6E7. We initiated a tumor treatment study by challenging mice with TC-1 tumor cells at low dose (5 × 10 4 ) on day 0. Three days after TC-1 cells implantation, 10 mice/per group were immunized with pVAX, pE7 or pConE6E7 and boosted on day 10 and 17. As shown in Fig. 3C , 7 out of 10 mice in the pConE6E7 vaccinated group were tumor free 49 days after initial tumor implantation. Only three mice in the pConE6E7-vaccinated group developed tumors, but the tumors were smaller than those in the pE7 immunized group (p < 0.001). In contrast, all mice in the pE7 group developed tumors 21 days after initial tumor implantation although the tumors in this group were smaller than those in the control group (p < 0.05) until day 35 . P values were not determined on day 49 since most of the mice either in the control or pE7 group were dead/sacrificed. In order to further assess the therapeutic potential of pConE6E7, we performed another tumor treatment study by increasing the challenge dose of TC-1 cells to 1 × 10 6 . Moreover, in this study, the mice did not receive the vaccination until the average tumor size was about 6 mm (on day 7). The growth of the well-established tumors after treatment with pConE6E7 is depicted in Fig. 3D . One out of five mice showed complete tumor regression after vaccination with pConE6E7, and the tumors in the rest of four mice grew much slower compared to those in the control group (p < 0.05). Again, p values were not determined after day 35 since all mice in the control group were dead/sacrificed. These data indicated that the DNA vaccine pConE6E7 could prevent or delay the growth of tumors in C57BL/6 mice, even when the mice had a very high tumor burden in a difficult immune therapy model.
CD8 T cells play the dominant role in control of tumor growth
To explore differential antitumor function of anti-E6/E7 CD8 or CD4 cells in vivo, we chose to deliver the T cells systemically and monitor their ability to control tumor growth. As indicated in Fig. 4A , mice adoptively transferred with anti-E6/E7 CD4 cells when challenged showed smaller tumors compared to the mice in the control group until 30 days post TC-1 tumor cell challenge (p < 0.05). Importantly, the tumors in mice adoptively transferred with anti-E6/E7 CD8 cells were better controlled compared to these mice adoptively transferred with CD8 cells from the control group (p < 0.01) (Fig. 4B) . In summary, the data suggest that anti-E6/E7 CD8 cells play a dominant role in control of tumor growth driven by DNA vaccination in this model.
Vaccination with pConE6E7 is capable of partially overcome immune tolerance in E6/E7 transgenic mice
Once we demonstrated that pConE6E7 was capable of preventing tumor growth and slowing the growth of well-established tumors significantly in C57BL/6 mice, we applied a more rigorous challenge model to test the efficacy of the DNA immunogen pConE6E7. E6/E7 transgenic mice were used since these mice are more difficult to treat due to the immune tolerance they exhibit to these proteins [27] . Accordingly, they represent a more stringent challenge model system. In this regard the consensus immunogens may have an advantage as it is not entirely homologous with the host HPV antigens and in theory this mis-match could facilitate cross-reactive immune responses, which would bypass peripheral tolerance.
We next examined the immunogenicity of pConE6E7 in these E6/E7 transgenic mice. We observed that although the immune responses induced by pConE6E7 were lower compared to those generated in C57BL/6 mice, similar immunogenicity patterns were still obtained in E6/E7 transgenic mice (Fig. 5A) . The number of E7-specific IFN-␥ secreting cells in the pConE6E7-immunized mice was 108 ± 17.3, while there was hardly any E7-specific immune response detected in the pE7 immunized transgenic mice (23.6 ± 20). Again, following depletion studies the CD8+ lymphocytes were responsible for the IFN-␥ secretion detected in E6/E7 transgenic mice immunized with pConE6E7. Epitope mapping results indicated that the E6/E7 transgenic mice immunized with pConE6E7 recognized the same dominant epitopes both for E6 and E7 immunogens (Fig. 5B) . The results suggest that at least potentially the pConE6E7 can overcome immune tolerance in this model.
In order to study whether vaccination with pConE6E7 could elicit antitumor immunity in E6/E7 transgenic mice, a similar prophylactic challenge experiment was performed as was performed in C57BL/6 mice. All 10 E6/E7 transgenic mice immunized with pConE6E7 were tumor free 42 days after tumor implantation (Fig. 6A) . All mice immunized with pE7 exhibited tumor growth, however the tumors were smaller than those in the control pVAXimmunized group (p < 0.05). Therefore, pConE6E7 was also able to generate antitumor immunity and completely prevent growth of implanted tumors in these E6/E7 transgenic mice. When the tumor-free transgenic mice in the pConE6E7 immunized group were re-challenged with 1 × 10 5 TC-1 cells to detect E6-and E7-specific memory responses, all rechallenged mice exhibited some resistance to this rechallenge and 4 out of 10 mice vaccinated with pConE6E7 remained tumor free 96 days after TC-1 second challenge (Fig. 6B) . These data indicated that the E6 and E7-specific memory responses were induced in these tolerant mice that represent a much more stringent challenge model.
Next, a similar therapeutic study was performed in these transgenic mice as we performed in C57BL/6 mice. We observed that mice immunized with pConE6E7 exhibited smaller tumors compared to those immunized with pE7 or pVAX (p < 0.05) (Fig. 6C) . Thus, the vaccine pConE6E7 was competent to partially overcome the immune tolerance and slow the growth of the tumors in E6/E7 transgenic mice. Again, these results contrasted with the results in the non-transgenic mice suggest the clear rigorous of this model.
Discussion
DNA vaccines have become an attractive approach for antigenspecific immunotherapy. However, increasing the potency of DNA vaccines is still among the most important challenges for DNA vaccine development. In this study, we constructed a novel HPV-16 E6 and E7 fusion antigen using several features of immunogens that have previously been studied to increase the immunogenicity of HIV or influenza DNA vaccines [25, 26] . This is the first study to use these collective strategies in a single HPV construct. Our data demonstrate that the combination of these strategies is likely beneficial and that further combined strategies should be examined to improve immune potency.
DNA vaccines have significant potential, compared to traditional protein vaccines, in terms of priming CTL responses and generating memory CD8 T-cell responses [34, 35] . This study tested this hypothesis in two models, a C57BL/6 syngeneic challenge model and a novel E6/E7 transgenic mouse model. Vaccination with pConE6E7 provided complete protection of tumor growth even 96 days post the second tumor implantation in C57BL/6 mice, supporting that the strong cellular immune responses were elicited and long-lasting E6-and E7-specific memory T-cell responses were induced. Furthermore, CD4+ T-cell help has been shown to be required for the generation of CD8+ T-cells capable of efficient recall responses to antigen [36] . Vaccination with pConE6E7 could also generate antigen-specific CD4 helper T cells, suggesting a positive effect on MHC Class II presentation. Another major theoretical advantage of DNA vaccination is that these vaccines can be used for repeated administration as the efficacy of plasmid vectors are not influenced by pre-existing neutralizing antibodies [37] . In present study, apparently smaller tumors were observed by vaccination with pConE6E7 five times to treat the well-established tumors. Preexisting immunity to HPV in patients ultimately should not be a substantial issue for boosting in such pattern.
CD8+ T-cells have been shown to be the primary effectors of immune surveillance against intracellular microbes and cancers and are thus prime targets for achieving effective tumor immunity by therapeutic and preventative treatments. It has been suggested that activated CD4 T cells can also have a direct role on tumor growth by recruiting and activating macrophages and driving effector CD8 T-cell help [38] . Prior studies have indicated that a proteinbased vaccine (h) hspE7 could prime E7-specific IFN-␥ release by CD4+ T cells and regress neoplastic lesions in a mouse model of cervical cancer [39] . In support of these prior findings, in the adoptive transfer study presented in this manuscript, we observed that CD4 T cell-mediated antigen-specific responses induced by pConE6E7 slowed tumor growth. Combination studies with these different approaches might further improve on these results.
Previous studies have suggested that consensus or ancestral immunogens could enhance the breadth of cellular immune responses [25, 40, 41] . Chan et al. performed a phylogenetic analysis of E6 gene sequences collected from 57 HPV types and found that most of these high-risk types were phylogenetically related to either HPV16 (31, 33, 35, 52 and 58) or HPV18 (39, 45, 59 and 68) [42] . Therefore, generation of a HPV 16 type-specific consensus immunogen may be important to maximize potential immune responses, especially at the T-cell level. Importantly, the slow growth and low antigen exposure during the HPV life cycle is hypothetically to drive peripheral tolerance. The consensus immunogens cannot match entirely the endogenous HPV isolate and may therefore provide beneficial in this regard. For the prophylactic study, E6/E7 transgenic mice (10 mice/per group) were immunized with pVAX, pE7 and pConE6E7, and challenged as described in Section 2 to assess the antitumor effects. Mice were re-challenged with 1 × 10 5 TC-1 cells 7 weeks post first challenge. For the therapeutic study, on day 0, 5 × 10 4 TC-1 cells were implanted subcutaneously into E6/E7 transgenic mice (10 mice/per group). Starting on day 3, each group of mice was immunized with pVAX, pE7 and pConE6E7 at weekly intervals three times. Tumors were measured twice weekly in two dimensions, and the average of those values was plotted against days post tumor implantations for each mouse. Tumor measurements for each time point are shown only for surviving mice.
Most animal models for HPV vaccine studies are based on analysis of fast-growing transplantable tumors, however, malignancies in cervical and head and neck cancer patients in general develop much more slowly, which as described may lead to immune suppression or immune tolerance [43] . Therefore, whether HPVspecific vaccines are potent enough to overcome the tolerance becomes an important concern. In this regard, research has demonstrated that vaccination of HPV16 E7 protein-based vaccine reduced the growth of pre-established TC-1 tumors although there was no measurable CTL response detected [44] . Previous studies have also indicated that recombinant Semliki Forest virus (SFV) expressing a fusion E6/E7 protein had the capacity to induce HPV16 E7-specific cytotoxic T cells in HPV-transgenic mice [43] . Furthermore, Souders et al. found that Listeria-based vaccines can partially break tolerance by expanding low avidity CD8+ T cells capable of slowing the growth of tumors in the same E6/E7 transgenic mouse model used in our study [27] . In contrast, several recent studies showed that immunization with HPV16 E6/E7 DNA vaccines was not able to induce HPV-specific CTL activity in E6/E7 transgenic mice and therefore could not overcome E6 or E7-specific tolerance [43, 45] . Therefore, this manuscript provides the first evidence that a HPV E6/E7 DNA vaccine could induce HPV-specific CTL activity and partially overcome immune tolerance in the E6/E7 transgenic mouse model system. However, since peripheral tolerance mechanisms are most likely at work in cervical cancer patients, more studies focusing on determining the contributions of peripheral tolerance to the immune responses induced by pConE6E7 in this transgenic model will be important. The experiment to determine whether immunization with pConE6E7 can reduce the incidence of E6/E7-associated thyroid tumors in these transgenic mice will be also interesting.
In conclusion, we have studied a novel HPV16 DNA vaccine encoding an E6/E7 fusion consensus protein. We observe that vaccination with pConE6E7 can generate prophylactic and therapeutic antitumor effects as well as partially break immune tolerance in E6/E7 transgenic mice. Further examination of these approaches is in progress.
